Dewatering processes are invariably encountered in the chemical manufacturing and processing of various bioproducts. In this study, Computational Fluid Mechanics (CFD) simulations and theory are utilized to model and optimize the dewatering of commercial nanofiber suspensions. The CFD simulations are based on the volume-averaged Navier-Stokes equations while the analytical model is deduced from the empirical Darcy's law for dewatering flows. The results are then successfully compared to experimental data on commercial cellulose suspensions obtained with a Dynamic Drainage Analyzer (DDA). Both the CFD simulations and the analytical model capture the dewatering flow profiles of the commercial suspensions in an experiment utilizing a constant pressure profile. However, a temporally varying pressure profile offers a superior dewatering performance, as indicated by both the simulations and the analytical model. Finally, the analytical model also predicts an optimized number of pressure pulses, minimizing the time required to completely dewater the suspension.
Introduction
Numerous industrial fields, including wastewater treatment, paper manufacturing and food industry employ mechanical dewatering methods in processing their respective products [1] [2] [3] . While these products encompass a wide array of suspensions involving a variety of particle shapes and sizes, a particularly intriguing subset among these is the class of fibrous suspensions, the rheological behavior of which can be governed by both colloidal and mechanical (e.g. frictious) aspects, depending on the fibre size and the chemical environment [4] . Additional complications may also be imposed by their geometrical anisotropy. Therefore, obtaining the optimal dewatering conditions for such suspensions is a challenge considering the multitude of factors involved. However, some of these issues have been extensively studied in papermaking, where it is crucial to control factors, such as the additives (chemicals) and fines content, affecting the mechanical dewatering of cellulose fiber suspensions in the forming section of a paper machine [5] [6] [7] [8] [9] [10] [11] .
Additionally, wide-spread substitution of petrochemicalbased and other non-sustainable materials in applications with biotic ones requires higher functionality than accessible with traditional fiber-based products. Increasing the functionality depends largely on the adaptation of novel advanced manufacturing paradigms. An important route is by using nanotechnology, which allows one to fabricate bioproducts from very small particles allowing for higher functionality. Indeed, over the recent years the use of cellulose based nanofibrillated materials have been one of the focus areas in bioengineering [12] . These materials have large potential in several application fields, varying from their use as rheology modifiers [13] to re-enforcing agents in nanobased composites [12, 14] . On the other hand, a potential platform for large-scale production is reel-to-reel manufacturing similar to modern paper machines. Here the preparation process of a composite structures involves dewatering. Unfortunately, the nanofiber based suspensions have proven to be even more difficult to dewater than those based on macro sized fibers [15] . Thus, direct use of the forming methods familiar from paper production to generate the novel structures turns out to be unfeasible, and novel strategies must be researched.
To improve the efficiency of the dewatering processes associated with such fibrous suspensions, a theoretical model permitting numerical simulations is valuable. It allows probing the response of the dewatered substance under varying conditions, which in turn would be either time consuming, expensive or technically difficult to realize in an experimental setup. Thus far, the numerical work on fiber suspensions seems to have revolved around the concept of Darcy's law [16, 17] . In this continuum level framework, the flow is assumed steady, neglecting dynamical effects, and the flow resistance of the fiber phase to the permeating liquid is mediated by suspension specific permeability, a parameter that can depend on numerous quantities, such as fiber volume fraction, fiber-fiber interactions, particle shape and filler content, for instance [17] . Accordingly, the bulk of the work performed in this framework has centered on forming empirical relationships for the permeability of fiber networks, treating the ensuing degrees of freedom of the model as fitting parameters [18] [19] [20] . Naturally, this prevents these models from being used a priori as experimental input is required. Additionally, lattice-Boltzmann methods have been succesfully utilized in dealing with similar problems [21, 22] .
In this paper, we propose to model a dewatering process involving an (initially) dilute fiber suspensions applying the full volume-averaged multiphase Navier-Stokes equations, establishing the flow resistance imposed by the forming fiber sheet via an effective drag correlation. We stress that the model is very flexible, allowing for dynamic effects, such as virtual mass forces, turbulence or different drag correlations to be included readily, presently missing in the literature. Furthermore, the present approach permits to simulate transient flows beyond the quasistatic limit as oppose to the earlier work, which will be important for simulating the pulsing phase, where the flow changes direction. Utilizing experimental data on microfibrillated and nanofibrillated cellulose (MFC and NFC, respectively), the model is validated and displayed to be in excellent agreement with the real-world experiments. Finally, the primary theme in this work is to demonstrate that temporal pulsing of the pressure difference driving the dewatering process provides both a superior averaged dewatering rate and final consistencies in the solid fiber sheet forming at the dewatering filter.
The model
The Navier-Stokes equations provide a sound foundation for modeling fluids in the macroscopic continuum limit and their volume-averaged forms, capable of accomodating the presence of multiple phases, were first introduced in depth by Anderson and Jackson [23] . In essence, they treat the various phases as interpenetrating continuous media. These equations read
where i is the volume fraction of phase i, u i is its respective velocity, ρ i its density, p the pressure, τ the viscous stress tensor, g the gravity and f ij the interaction term with respect to a neighboring face j. Together, these conservation of mass and momentum equations allow for evolving the system in time and solving the field variables detailing the motion of each phase. For the purposes of this work, the general constitutive equation for the viscous stress τ = ∇ · (η∇u) is sufficient. However, since fibrous suspensions generally exhibit non-Newtonian behavior, presuming a constant value for the viscosity is hardly justified. Therefore, the dynamic viscosity η is modeled after the Krieger-Dougherty relation [24] 
where η 0 is the (Newtonian) solvent viscosity, max refers to the jamming limit in terms of the volume fraction and k = [η] max , where [η] is the intrinsic viscosity of the fluid. In this work, k is considered a fitting parameter. This relatively simple viscosity function provides the correct qualitative behavior of many fibrous complex fluids.
The interaction term f ij dictates the momentum exchange between phases via drag forces, virtual mass force and lift forces, for instance. With regards to the dewatering flow, only drag f d is assumed to contribute significantly in the momentum exchange. Furthermore, since this type of flow may involve rather high fiber concentrations, any mathematical drag correlation utilized here has to account for the presence (e.g. drag screening) of neighboring particles, typically not included by simple Stokes drag. As such effects are difficult to include analytically, most drag correlations are empirically derived from experiments or micro-/mesoscale simulations. Accordingly [25] 
where the latter definition for the drag coefficient C d is due to Schiller and Naumann, who introduced this empirically obtained relation in 1933. Here, d i is the characteristic hydrodynamic radius of the constituents in phase i and the dimensionless particle Reynolds number Re = ρ j |u i − u j |d i /η j . This correlation proves to be sufficiently accurate without posing excessively high computational costs.
It is important to notice the essential difference of this approach in comparison to the more traditionally utilized Darcy or Darcy-Brinkman laws. The latter laws can also be understood as the volume-averaged expansion of Navier-Stokes equations from the microscopic limit inside a porous medium element to the macroscopic limit, where the hydraulic conductivity κ is then related to the average porosity of the medium [26] . However, a possible issue associated with this framework is that κ may be an ill-defined quantity for fibrous suspensions of a dilute concentration, where no permeable cross-linked structure (sheet) has yet formed, as is the case in the initial stages of a typical dewatering flow e.g. in paper pulp dewatering in the forming section of a paper machine.
On the other hand, this average porosity can also be accomodated to a drag correlation function such as the one applied here by a correction factor Ω as noted in Ref. [27] , as the finite porosity of a solid object reduces the effective drag experienced by the otherwise solid structure. Therefore, the the approach presented here could complement the Darcy-like description, as one may also perceive the forming fiber structure (sheet) in a dewatering flow at the filter (wire) as a solid object with a finite porosity via the Ω-factor. However, our approach is more minimalist still, as the Krieger-Dougherty expression (3) for the effective viscosity of the fibrous suspension predicts rapidly increasing viscosity in the forming sheet, which is then translated to a rapidly growing drag/flow resistance in the Schiller-Naumann drag correlation (5). Although numerical in scope, the work presented here is supported by dewatering experiments performed in a Dynamic Drainage Analyzer (DDA), which closely reflects the actual dewatering conditions of industrial paper machines.
Experimental setup and numerical schemes
As illustrated in Fig. 1 , the primary components comprising the DDA are the reaction vessel, vacuum vessel, and the flush water inlet/outlet. The vacuum transmitter and pump (covered by the protective cover in Fig. 1 ) then provide the necessary pressure difference to drive the solvent from the suspension present in the reaction vessel, the bottom of which is augmented by a mesh of a size determined by the typical pore size of the suspension. Here, a wire mesh of screen 0.025, thread size of 0.025 mm and a mesh size of 500 was utilized. The setup and the dewatering experiments are controlled by a software that allows adjusting the relevant parameters, such as the vacuum level and dewatering time at will.
In this work, the MFC fibers (hardwood kraft pulp) were received from Suzano Pulp and Paper. The NFC fibers, prepared on-site, are once dried bleached birch kraft pulp, and the initial fiber slurry was soaked for one day and then dispersed using a high shear Diaf dissolver for 10 min at 700 rpm. Subsequently it was fed into Masuko Sangyos Supermasscolloider (Masuko Sangyo Co., Kawaguchi-city, Japan) type MKZA 10-15J, utilizing three passes. Tab. 1 summarizes the suspension properties rel- Utilizing the Finite Volume method (FVM) provided in the OpenFOAM R [28] library, the model described in the previous section is implemented and the subsequent dewatering simulations performed in a geometry closely resembling the experimental reaction vessel presented in Fig. 1 . Since the vessel exhibits cylindrical symmetry, the simulations are performed in a geometry matching the 2D cross-section of the vessel presented in Fig. 1 in order to conserve computational resources. This 2D projection contains the inlet area, the suspension region, the filter zone and the outlet area (see Fig. 1b ). In a typical simulation, the simulation is initialized by filling the geometry with three distinct phases (air, water, fibers), each modeled by their individual set of Navier-Stokes equations (Eq. (2)). Initially, the geometry is loaded with air excepting the suspension region, where liquid and fiber phases are included in a mixture devised according to the experimental suspensions. Then, a pressure difference is set between the inlet and outlet to induce flow of the suspension. Both air and water are allowed to flow via the filter zone, however, the fiber phase is prevented from permeating this zone, simulating the operation of the mesh in the DDA device.
Two distinct types of simulations performed. In the first one, a constant pressure difference is maintained between the inlet and the outlet, therefore closely resembling the steady dewatering process obtained in the experimental DDA. However, the second simulation type employs a pulsing pressure scheme, where this steady pressure difference is maintained for a period of time (τ s ) and then inverted for a specified pulse time (τ p ) to precipitate a temporary breakup of the forming fiber sheet at the filter zone, and providing a drastically improved dewatering rate in the subsequent steady dewatering period.
It should be noted, that the steady dewatering process can be viewed as a self-limiting Darcy flow. When the pressure difference is applied, the suspension flows towards the mesh and water exits, while an increasing number of fibers gather at the mesh wire at a concentration presumably corresponding to their maximum packing fraction ( max ). As a result, the forming fiber sheet (cake) increases in height H. Presented more precisely, the ensuing dewatering rate Q can be estimated by Darcy's law
where k is the permeability, A is the cross-section area normal to the dewatering flow, µ( max ) is the viscosity of the solution at the cake and ∇p is the (constant) pressure difference across the reaction vessel. Denoting the constant terms by C, one also observes that the height of the cake also increases with as the dewatering time progresses, H = t0 t Qdt = (F (t) − F (t 0 )) = F (t) (setting the arbitrary t 0 = 0) while clearly Q = ∂F ∂dt =Ḟ (t). One then hasḞ
and therefore,Ḟ
Therefore, a universal curve of the form f = at 1/2 + b is expected to capture the steady dewatering flows. Regarding the pressure pulsed dewatering flows, the outflow rate deduced above can be successfully utilized to yield an optimal number of pulsations in a single dewatering process. However, a number of additional conditions have to be imposed. These include • After each pressure pulse, a fixed amount of fluid is removed before initiating the next pulse
• This fixed amount of fluid removed between pulses is a small quantity in comparison to the initial suspension volume V 0 at t = 0
• Performing a single pulse takes a fixed amount of time T p , which is a constant throughout the dewatering event.
Then, it is relatively easy to deduce, that the total dewatering time in a pulsed scheme is
where N is the number of pulses, F tot is the total amount of fluid that is required to be removed, V 0 is the total volume of the suspension before commencing the dewatering process and T 0 is the typical experimental dewatering time in a constant pressure difference scheme. Now, this expression can be differentiated with respect to N to yield the optimal number of pulsation steps N in order to minimize to total dewatering time. That is, setting ∂t tot,pulsed /∂N = 0 will produce the optimum number of pressure pulses to dewater a suspension in as little time as possible. The full derivation of this is displayed in detail in Appx. Appendix A.
Results
In the following figures, the computational results obtained with the framework discussed previously are displayed. To obtain the best possible agreement with the experimental microfibrillated cellulose suspensions, the simulation suspension totals 1000 cm 3 vessel as a function of the dewatering time t in both the experiments and simulations. As the dewatering process proceeds with increasing t, the dewatering rate (the slope of the curves) decreases as the fiber sheet begins to form at the mesh wire, increasing the flow resistance towards the exiting water. Additionally, the agreement with the experiments and simulations seems excellent, lending credence to the computational approach applied in this work. Additionally, in Fig. 3 , the experimental data are also captured well by the universal curve of a self-limiting Darcy flow f = at 1/2 +b presented in Sec. 3, as one would expect. Furthermore, Fig. 4 displays the formation of the fiber sheet (cake) at the filter zone in the simulations at various occassions t of such a steady dewatering process. The simulations show a uniform and gradual consolidation of a cake, which then diminishes the dewatering rate of the departing water. Figure 5 : The effect of a typical pressure pulsing scheme on the dewatering process. As seen here, the pressure pulsing provides a superior dewatering rate to the steady pressure difference scenario.
Moving to the pulsed simulations, Fig. 5 illustrates the suspensions volume V plotted as a function of the dewatering time t. Now however, a pulsed pressure scheme is also included. As seen here, the pulsing scheme provide superior dewatering rates compared to the results obtained in Fig. 2 . The improvement is on the order of a magnitude in terms of the dewatering time t, which should be considered a significant reduction over the typical dewatering times observed in a steady dewatering process.
Furthermore, Fig. 6 demonstrates the formation of the cake at the filter zone in a pulsed scheme in the simulations, where the subplots at various times are chosen to include a typical pulsing event. As seen here, the pulsing typically fragments the cake at random locations at the filter an in general, results in a more inhomogeneous cake structure in the proximity of the filter. However, these heterogenities tend to equalize over time as a steady pressure difference is once again applied, implying the sheet structure is not compromised by the inclusion of the pressure pulsing mechanism.
Finally, Fig. 7 represents the typical duration t tot,pulsed of a dewatering process in a pulsed dewatering scheme derived with Eq. (9) . Increasing the number of pressure pulses initially decreases the time required to remove the required amount of fluid (F tot ) from the suspension. However, increasing the number of pulses indefinitely eventually increases t tot,pulsed as most of the time consumed dewatering is then actually spent applying the pulses. Between these two extrema, the minimum value for t tot,pulsed is obtained with the optimized number of pulses N . In practice, applying this number of pulses will result in de- watering the suspension at hand in as little time as possible. Another striking feature of this figure is that whether t tot,pulsed exhibits a unique minimum as a function of the pulse steps N depends on the exact dewatering conditions. These include the initial volume of the suspension V 0 , the water volume to be removed F tot and the time it takes for the dewatering device to perform a single pulsing t p as well as a typical steady dewatering event t 0 . Therefore, a pulsing scheme may or may not optimize the dewatering process depending on the dewatering device and suspension characteristics.
Conclusions
Dewatering processes are ubiquitous in various industrial settings. In mechanical dewatering utilizing a pressure driven dewatering flow, great care must be exercised while optimizing these flows to ensure a high dewatering rate while simultaneously attending to process-specific requirements, such as high and uniform sheet consistency in the paper-making industry, for instance. Here, supported by experimental dewatering results of Nanofibrillated cellulose (NFC) obtained in a Dynamic Drainage Analyzer (DDA), it is shown that a continuum level description utilizing volume-averaged multiphase Navier-Stokes equations enchanced with general drag correlations capture the essential dewatering characteristics extremely well. The model also allows dynamic effects, such as virtual mass forces and turbulence, to be accounted for with ease.
Additionally, we demonstrate that enhancing the steady dewatering process by a simple, periodic inversion of the driving pressure, denoted as pressure pulsing, decreases the required dewatering time by a order of magnitude for F tot = 0.8 l, V 0 = 1.0 l, t p = 0.5 s, t 0 = 500.0 s F tot = 0.8 l, V 0 = 1.0 l, t p = 0.1 s, t 0 = 500.0 s F tot = 0.8 l, V 0 = 1.0 l, t p = 1.0 s, t 0 = 100.0 s F tot = 0.2 l, V 0 = 1.0 l, t p = 5.0 s, t 0 = 10.0 s Figure 7 : The total dewatering time in a pulsed scheme as expressed in Eq. (9) . As seen here, the total dewatering time may or may not possess a minimum as a function of N depending on the dewatering conditions, such as the water to be removed Ftot, initial suspensions volume V 0 and the time it takes to perform a single pulse tp as well as the typical steady dewatering total time t 0 . The figure was derived applying the sixth-order Taylor expansion of (T 6 ( i ), see Appendix A).
a typical NFC suspension while maintaining a uniform and high sheet consistency. The simulations also imply the possibility of turbulent flow conditions inside the dewatering vessel during a pulsing event.
where F tot is the fluid that has been removed up to that time and V 0 is the initial suspension volume. This corresponds to the average (bulk) solid volume fraction, if the remaining solid content in the suspension is dispersed evenly among the remaining suspension volume (which is what occurs in an idealized pressure pulsing event). Indeed, we assume that primary source of the flow resistance in a typical dewatering process is the dense cake forming at the wire, and an ideal pressure pulse redistributes this solid content forming the cake evenly among the suspension volume, therefore decreasing the resistance to dewatering. The subsequent removal of water is then significantly eased until another cake forms, necessitating another pressure pulse. Now, assuming that the removed water is fixed to portions of F tot /N (between successive pulses, a fixed amount of water is removed), the total fluid removed at t i is clearly [(i − 1)/N ] · F tot . Therefore, between successive pulses, the bulk solid volume fraction is
which has the form 1/ (1 − x). This can expanded in a Taylor (power) series of the form 1 + x + x 2 + x 3 + ..., where x = [(i − 1)F tot ] /N V 0 . We denote this series as T n ( i ), where n refers to the order of the expansion. Now, using Eq. (7) and expanding the volume fraction term in the first order (T 1 ( i )), one has
where the first-order Taylor expansion of is summed as an arithmetic series. If higher-order terms were included, Faulhaber's formula could be applied to evaluate the power series sums emerging from these terms. Now, dividing this by the theoretical dewatering time t 0 of a steady pressure difference scheme (obtained with Eq. (7)) and multiplying by the experimental steady dewatering time T 0
Finally, the total dewatering duration in a pulsed scheme is obtained by adding the finite (constant) time T p it takes to for the device to perform a single pulse multiplied by the number of pulses (N − 1) to the expression above
which is then the total dewatering time derived with the first-order Taylor expansion T 1 ( i ). Seeking the minimum of this function by setting ∂t tot,pulsed /∂N = 0 recovers the optimum number of pressure pulses that should be used to dewater a suspension in as little time as possible.
